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Abstract 



The invention relates to metal oxide ceramics exhibiting superconductivity at elevated temperatures and/or useful as electrodes 
electrolytes or catalysts, the metal oxide ceramic having the formula Rn+1-u-sAuMm+eCunOw where R and A are each any of or any 

Cu^'erirPb ^1 or .nv ompr"!'' ^T' r^' ^!^^ ^ *^ Combination of 

*u ' ' transrtion metal, Cu is Cu or Cu partially substituted by any of or any combination of Bi Sb Pb Tl or anv 

other transition metal. O is O or O partially substituted by any of N. P, S, Se or F. ' . . y 
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© Metal oxide materials. 



® The invention relates to metal oxide ceramics exiiibiting superconductivity at elevated temperatures and/or 
useful as electrodes, electrolytes or catalysts. Various formulae for such materials are disclosed. 
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The invention comprises certain novel metal oxide materials which exhibit superconductivity at elevated 
terrperatures and/or which are useful as electrodes or electrolytes in electrochemical c lis. sensors, and as 
catalysts. 

It is known that certain classes of metal oxide will exhibit the phenomenon of superconductivity below a 
5 particular critical temperature refenred to as Tc. These Include as prototypes BaPba^ixOg^,. Boz^t^CuO^^, 
YBa2Cu307-(j as described in The Chemistry of High Temperatue Superconductors, ed. by Nelson et al, 
American Chem, Soc. 1987. and Bi2Sr2CaCu305Ki as described by Subramanian et al, Science 239. 1015 
(1988). We have identified this last material as the n =2 member in a homologous series of approximate 
formula Bl2(Sr,Ca)n.iCun02n.4*d. n = 0,1.2.3 obtained by inserting an additional layer of Ca and an 

ic additional square planar layer of CuOa in order to obtain each higher member. These materials often exhibit 
intergrowth structures deriving from a number of these homologues as well as Bi substitution on the Sr and 
Ca sites. Tc is obsen/ed to rise as n increases from 1 to 2 to 3. The material YBaaCu+Oa^d has a layered 
structure similar to the n =2 member of this series Bi2Sr2CaCu208*d and we expect therefore that 
YBa2Cut08^j belongs to similar series. One such seril es could be obtained by Insertion of extra Y-CUO2 

15 layers resulting in the series of materials RnBa2CUn.303.5^2.5n^, n = 1 .2,3.... and another by insertion of extra 
Ca-Gu02 layers resulting in the series RBa2CanCun.a08,2„^, n = 1,2.... By analogy it may be expected that 
Tc in these two series should rise with the value of n. 

Binary, ternary or higher metal oxide materials containing as cations one or more alkali earth elements, 
such as these materials and having high oxygen-ion mobility may also be used as electrodes, electrolytes 

20 and sensors for electrochemical applications. The oxygen-ions will move through such an electrolyte 
materia! under an applied electrical field allowing the construction of oxygen pumps for catalysis and other 
oxidising or reduction processes involving the supply or extraction of atomic oxygen. The oxygen-ions will 
also move through such an electrolyte material under a concentration gradient allowing the construction of 
baiteries, fuel cells and oxygen monitors. For these materials to act effectively as electrolytes in such 

25 applications it is necessary that they have high oxygen-ion mobility through the atomic structure of the 
materials and at the same time have a low electronic conductivity so that the dominant current flow is by 
oxygen-ions and not electrons. For these materials to act effectively as electrodes in such applications it Is 
necessary that they have a high electronic conductivity as well as a high oxygen-ion mobility so that 
electrons which are the current carried in the external circuit may couple to oxygen-ions which are the 

30 current carrier in the internal circuit, Bectrochemical ceils including fuel cells, batteries, electrolysis cells, 
oxygen pumps, oxidation catalysts and sensors are described in "Superionic Solids" by S Chandra (North 
Holland, Amsterdam 1981). 

Solid electrolytes, otherwise known as fast-ion conductors or superionic conductors have self diffusion 
coefficients for one species of ions contained within their crystalline structure ranging from 10"' to 10 ~^ 

35 cm^ sec. A diffusion coefficient of about 10-s m2/sec is comparable to that of the ions in a molten salt and 
thus represents the upper limit for ion mobility in a solid and is tantamount to the sublattice of that particular 
ion being molten within the rigid sublattice of the other ions present. Such high diffusion mobilities translate 
to electrical conductivities ranging from 10-2 to 1 S/cm. the latter limit corresponding to that commonly 
found in molten salts. The n = 0 member of the series Bi2.e-KPbx(Sr.Ca)„.i^Cu„02n*4.d and various 

4c substituted derivatives are identified as solid electrolytes with high oxygen-ion mobility. The n = 1,2 and 3 
members of the series may have high oxygen-ion mobility as well as high electron conductivity and thus 
are potentially applicable as electrode materials. 

The invention provides certain novel metal oxide materials which exhibit superconductivity at low 
temperatures and/or which are useful in such electrode, electrolyte, cell and sensor applications, or as 

^5 electrochemical catalysts. 

In broad terms the invention comprises metal oxide materials within the formula 
Rn-i..j.sAuMm*.Cu„Ow (1) 

where n>0 and n is an integer or a non-interger, 1£mS2. OSsiO.4. O^e^. and 2n + (1/2)^wS(5/2)n + 4, with 
the provisos that u is 2 for n>1 , u is n + 1 for a^n<1 
50 and where 

R and A are each any of or any combination of Y, La. Ce. Pr, Nd, Sm, Eu, Gd, Dy. Ho. Er, Tm, Yb, Lu, Ca. 
Sr, Ba, U, Na, K, Rb or Cs. 

M is any of or any combination of Cu, Bi, Sb, Pb, Tl or any other transition metal, 

Cu is Cu or Cu partially substituted by any of or any combination of Bi. Sb. Pb. Tl or any other transition 
55 metal. 

0 :s 0 or 0 partially substituted by any of N, P, S, Se, or F, 

and wherein the structure of the materials is characterised by distorted or undistorted substantially square 
planar sheets of CuOz when n>0 and distorted or undistorted substantially square sheets of R for n>1. 
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excluding where M is 8i. R is Ca and Sr. A is Sr and Ca. and s and e are 0 and where n = 1. the material 
Bi2(Sri.xCax)2Cu08^ with 0^x^0.3, and where n = 2 the nnateriai Bi2(Sri.^CaK)3Cu20i(w with ai6^x^0 33 
and excluding RBasCuaO?^ 

and excluding, where R is as above excluding Ca, Sr. Ba. LI. Na, K, Rb or Cs, the material having formula 
RBa2Cu*0BKj. 

The n = 1.2.3.4.5. materials have pseudo-tetragonal structures with lattice parameters a, b and c given 
by 5.3A S a,b < 5.5A and c = 18.3 ± v +(6.3±v')n A where 0^v,v'^0.3. The n=0 material extends over the 
solubility range Q<e^4 and has orthorhombic or rhombohedral symmetry with lattice parameter c = 19.1 t v 
A. 

Preferred materials of the invention are those of formula (1) wherein m is 2 and R is Ca and R is 
predominantly Bl and having the formula 
Bia . 6-xi-xCa„^ lH^»A«CUnOw (2) 

where L is any of or any combination of Pb. Sb. or Tl, and 0<x<0.4. 

More prefenred materials of the Invention are those of formula (2) where n^l and 0:£e^0.4 and having 
rs the formula 

Biz * e->cUCa„ ^y.l^Sr2.yAjCUn02„ ^ 4 * d (3) 

and where OizSO.4, -25yS2, and -1^i1. 

Materials of formula (3) of the invention wherein n is 3 have the formula 
Biz - e-xUCaz ♦ y^Sr2,yAzCu3 0 1 o * d- (4) 

Preferably in the n-3 materials of formula (4) L is Pb and 0^^0.4 and -l^y,d^1. A may preferably by 
Y or Na and 0S2i0.4 and preferably 0. with preferably 0.5;£y$0-5 and -ISd^l, Preferably d is fixed in a 
range determined by annealing in air at between 300* C and 550* C. or by annealing in an atmosphere at 
an oxygen pressure or partial pressure and temperature equivalent to annealing in air at between 300 *0 
and 550 C. Most preferably 0.2^,s<0.3, 0.32x;S0.4 and -0.1;£y<0.l. 
25 Especially prefen-ed n=3 materials of the invention are Bri.9Pbo.35Ca2Sr2Cu30io.d. 
Bi2.iCa2Sr2Cu30io*d, preferably wherein d is fixed in a range determined by annealing In air at betweeri 
300 C and 550 C, or by annealing in an atmosphere at any oxygen pressure or partial pressure and 
temperature equivalent to annealing in air at between 300* C and 550* C. 
Materials of formula (3) of the invention wherein n is 2 have the formula 
30 Bi2*^xLxCai.y^Sr2^A^Cu208-d (5) 
where -lid^l. 

Preferably in the n = 2 materials of formula (5) L is Pb and 0<x and most preferably 0<x:g0.4, z is 0. and 
-l^y.dil. A may preferably be Y or Na; where A is Y preferably 0<z£0.4 and most preferably 0<2^0.l' and 
where A is Na preferably 0<zS0.4, x is 0, and -1^y,d<1: in both cases preferably d is fixed in a range 

35 determined by annealing in air at between 700 *C and 830 'C or in 2% oxygen at between 600 'C and 
800 C. or by annealing in an atmosphere at an oxygen pressure or partial pressure and temperature 
equivalent to annealing in air at between 700* C and 800* C. 

A preferred n = 2 material is that of formula (5) wherein L is Pb. and where 0<xS0.4, z Is 0, 0^e.s<0.25. 
y is -0.5, and d Is fixed in a range determined by annealing the material in air between 600* C and 800* c! 

40 or by annealing in an atmosphere at an oxygen pressure or partial pressure and temperature equivalent to 
annealing in air at between 700* C and 800' C. 

A further preferred n = 2 material is that of formula (5) wherein L is Pb. and where 0<xS0.4. z is 0. 
05e,s50.25, y is 0, and d is fixed in a range determined by annealing in air at between 700 *C and 830* C 
or in 2% oxygen at between 600 'C and 800*0 or by annealing -in an atmosphere and at an oxygen 

45 pressure or partial pressure and temperature equivalent to annealing in air at between 700* C and 830' C. 

A further preferred n = 2 material is that of formula (5) wherein L is Pb, and where 0<e,s:S0.25, 0^<0.4, 
y is 0.5, z is 0. and d is fixed in a range determined by annealing in air at between 450° C and 700* C or by 
annealing in an atmospher at an oxygen pressure or partial pressure and temperatue equivalent to 
annealing in air at between 450* C and 700* 0. 

50 A futher prefen-ed n=2 material is that of formula (5) having the formula Big., *ePbc^Cai.5Sr2Cu2 08.d 
and where 05e,s^0.2 and d is fixed in a range determined by annealing in 2% oxygen at between 770' C 
and 830 C or In an atmosphere at an oxygen pressure or partial pressure and temperature equivalent to 
annealing in 2% oxygen at between 770* C and 830*0. 

A further preferred n = 2 material is that of formula (5) having the formula Bi2.^Cai.y^r2,yCu208.d 

55 where -O.S^ySO.S and 0<e.s<0.25 and most preferably wherein y is -0.5 or most preferably 0. and d is fixed 
in a range determined by annealing in air at between 600* C and 800* C or by annealing in an atmosphere 
at an oxygen partial pressure and temperature equivalent to annealing in air at between 600* 0 and 800* 0: 
of the above formula or wherein y is 0.5. and d Is fixed in a range determined by annealing the material in 
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air at between 450" C and TOO'c or in an atmosphere other than air at an oxygen pressure or partial 
pressure and temperature equivalent to annealing In air at between 450 " C and 700 ' C 

Malenals of formula (1) of the Invention wherein n is 1 have the formula 
Bi2»..,UCa,.,Sr2.yAjCu06»d (6) 
5 where OSySI and -ISdSI 

Preferably in the n = 1 materials of fomiula (6) L is Pb and 0<xS0.4. A Is preferably Na and 0<zSO 4 
and 2 is'o °* ^"^ ^^^'^ °^-S^0-25 V is 0.7, 

A further preferred n= 1 material is that of formula (6) wherein L is Pb. and where 0Se,s<025 0<xSO 4 
JO y IS 1 and z is 0. v-Aiu.t, 

O.a^sS'.rand aSr' ^'"'■^ " °- ^^-^-^ 

A prefen-ed n = 1 material is 
Bii.85Pbo35Cao.4Sr,.4CuOB.tf. 

rs A prefen-ed n = i material is Bi,.,Cay.sSr2.,CuO,.a where 0<e.sS0.25 and y is 1 and d is fixed in a 
range determined by annealing in air at between 300* C and 500* C or by annealing in an atmosphere at an 
oxygen pressure or partial pressure and temperature equivalent to annealing in air at between 300" C and 

500 C. 

A futher preferred n = l material is that of formula (6) where y is 0.67. and d is fixed in a range 
20 deterniined by annealing in air at between 400*0 and 600' C or by annealing in an atmosphere at an 
oxygen pressure or partial pressure and temperature equivalent to annealing In air at between 400 'C and 

Materials of formula (1) of the invention wliere n is 0 have the formula 
Bi2-e.xLxAi.3AzOw (7) 
25 Where 0<x%OA and 0^z^1 with the proviso that z is not 0 when x is 0, and where O^e^ 

Preferably in the n-0 materials of formula (7) wherein L is Pb and preferably A Is Ca, Sr. or Ba or anv 
combination thereof^ Where A is Ca preferably A is Sr. Ba. Na or Y. or any combination thereof. Where A is 
Sr preferably A is Ba, Na or K, or any combination thereof. Most preferably A is Ba and A is K. 
Specific materials of the invention include 
30 Bi2.eSro.aNao504.(,, Bia^eBao^KczO^^d. 
Bi2 - eCao.5Sro.504*(,, Bi2.eBao^Sro^04*d. 

Bii 9.ePbo.iSr04*d. and Bi,.3*ePbo.iBa04*d. with 0<e^S4 and 35d^10. 

The invention encompasses materials of formula <7) wherein n^2, s = 0 and M is Cu or Cu substituted 
by any of or any combination of Bi, Sb. Pb, Tl or any other transition metal, and having the formula 

35 Ro-iAaCUmCUnOw (8) 

Preferably in materials of formula (8) of the invention A is Ba. m is 1 or 2, and n is 3. 4. . A material of 
this class may be where m = 3/2 and n = 2. and having the formula 
RBa^Cua^Oy^d 

where -0.55d50.5, and where R is Y. 
40 The invention encompasses a material having the formula 

Yn.i Bat CUn - 1 0r5/2)n ♦ 3/2 ♦ (j 

where -1^d^1 and n is 3.4,5,..., 
a material having the formula 
i^n.iBa2Cun.20f5,2)n+5/2*d, and, 
45 a material having the fonmula 

R Has Can-zCUn * aO(6,2)n ♦ 5/2 * d 

wherein n is 3,4,5,... preferably where R is Y. 

The materials of tfie invention may be fonmed as mixed phase or intergrowth structures incorporating 
structural sequences from a number of the above described materials also including sequences from the 

5a matenal RBa^CusO,^ and its derivatives. For example, this includes Rba.Cus^O^.s-d comprising, as it does, 
oLlrX^^^^ sequences Of RBa^CuaO;, and RBaaCu^Os.. This also includes materials with 

general formula (1) with n tak.ng non-.ntegrai values allowing for the fact that for example, a predeominantly 
n = 2 matenaJ may have n = l and n = 3 intergrowths. This also includes materials with general formula (1) 
w,th n taking non^ntegral values allowing for ordered mixed sequences of cells of different n values for 

55 example, n =2.5 for alternating sequences of n = 2 and n = 3 slabs. 

Typically the materials of the invention may be prepared by solid state reaction of precursor materials 
such as metals, ox.des, carbonates, nitrates, hydroxides, or any organic salt or organo-metallic material for 
example, such as B,203. Pb<N03)2, Sr(N03)2. Ca(N03)2 and CuO for BiPbSrCaCuO materials The 
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materials of the invention may also be prepared by liquid tlux reaction or vapour phase deposition 
techniques for example, as will be known to those in the art. Following forming of the materisi oxygen 
loading or unloading as appropriate to achieve the optimum oxygen stoichiometry. for example for 
superconductivity, is canrled out. The above preparation techniques are described in "Chemistry of High 
Temperature Superconductors" - Eds. D L Nelson. M S Whittlngham and T F George, American Chemical 
Society Symposium Series 351 (1987); Buckley et al. Physica 0156. 629 (1988); and Torardi et al Science 
240. 631 (1988). for example. The materials may be prepJid"ln the form of any sinterBd ceramic 
recrystallised glass, thick film, thin film, filaments or single crystals. 

In order to achieve maximum strength and toughness for the materials, It is important that they are 
prepared to a density close to the theoretical density. As prepared by common solid-state reaction and 
sintenng techniques, densities of about 80% theoretical density can readily be achieved. Higher densities 
may be achieved by. for example, spray drying or freeze drying powders as described for example in 
Johnson et al. Advanced Ceramic Materials 2. 337 (1987). spray pyrolysis as described for example in 
Kodas et al. Applied Physics Letters 52. 16^ (1988). precipitation or sol gel methods as described for 
example in Barboux et al J. Applied Physics 63. 2725 (1988), in order to achieve very fine particles of 
dimension 20 to 100 mm. After die-pressing these will sinter to high density. Alternatively, to achieve higher 
densities one may hot press, extrude, or rapidly solidify the ceramic material from the melt after solid state 
reation or grow single crystals. 

Preparation of the materials of the invention may be carried out more rapidly if in preparation of the 
matenals by solid state reaction of precursor material any or ail of the cations in the end material are 
introduced as precursors in the nitrate or hydroxide forms for rapid reaction or bulk material in the nitrate or 
hydroxide melt. Both the temperature and duration of the preparation reaction may be towered by using 
nitrate or hydroxide precursors to introduce the cations. Melting of the nitrate and/or hydroxide precursors 
allows intimate atomic mixing prior to decomposition and efflux of oxides of nitrogen. 

After preparation the materials may be sintered or (re-)ground to small particles and pressed to shape 
and sintered as desired to form the end material for use, as is known in the art and/or annealed to relieve 
stresses and increase strength and toughness as is similarly known in the art for the unsubstituted 
matenals. The materials after preparation may as necessary be loaded on unloaded with oxygen to achieve 
the optimum stoichiometry for superconductivity, optimised oxygen mobility, or other material properties. As 
stated, for n = 2 BCSCO materials for example this generally requires oxygen unloading into the materials 
and with known technique this is generally carried out by annealing at 700" C to 830 ' C in air over 1 to 4 
hours followed by rapid quenching into liquid nitrogen, for example. Most suitably, oxygen loading or 
unloading is carried out during cooling from the reaction temperatures immediately after the preparation 
reaction, where the materials are prepared by solid state reaction for example. Alternatively and/or 
additionally oxygen loadir^g may be carried out during sintering or annealing in an oxygen containing 
atmosphere at an appropriate pressure or partial pressure of oxygen. Without loss of generality the 
matenals may be annealed, cooled, quenched or subjected to any general heat treatment incorporating AgO 
or Ag20 as oxidants or in controlled gaseous atmospheres such as argon, air or oxygen followed by rapid 
quenching so as to control the oxygen stoichiometry of the novel materials, the said stoichiometry being 
described by the variables w or d. The materials may be used as prepared without necessarily requiring 
oxygen loading or unloading for forming electrodes, electrolytes, sensors, catalysts and the like utilising 
high oxygen mobility property of the materials. 

The invention is further described with reference to the following examples which further illustrate the 
preparation of materials in accordance with the invention. In the drawings which are refen-ed to in the 
46 examples: 

Figure 1 shows a graph of electrical conductivity as a function of inverse temperature. Open circles 
are for heating and closed circles are for cooling when measurements are made at 1592 Hz. The triangles 
refer to the equivalent conductivity for the mid-frequency relaxation peak (upward pointing triangles) and the 
high-frequency peak (downward pointing). Open triangles and the circles refer to BisSrO* and the full 
50 triangles refer to Bi2Sro.5NaojOi. 

Rgure 2 shows Cole-Cole plots of z' versus Z measured at 644' C for BiaSrO* in oxygen, then in 
nitrogen then in oxygen. 

Figure 3 shows Cole-Cole plots of Z" versus Z measured at 736' C for BIzSrOi in oxygen, then in 
nitrogen then in oxygen. 

55 Figure 4 shows V,2/in(p,/p2) plotted against temperature where V,2 is the potential developed over 

a concentration cell using BisSrO* as the electrolyte with oxygen partial pressures of pi and p2 on either 
side of the cell. 



30 



35 



40 



5 



EP 0 336 450 A2 



'5"'^^^^^°'^^ 3 P'°t conductivity measured at 1592 Hz as a function of temperature for 

BizSfceCaosOt (solid symbols) and for Bi2Sr04 (open symbols). 

Figure 6 shows a plot of zero resistance against the annealing temperatur in air from which the 
sample was quenched into liquid nitrogen. (X) Bij.iCaaSrjCuaO/o; (O) Bl^iCaSr^CuzOs; ( + ) 
Bi2.,Cao5Sr„Cu20s; (A) Bi2.,Ca,.5Sr,^Cu205: (•) Bij.,CaSr8Cu20s quenched from 2% oxygen- (a) 
Bi2.,C^67Sr,,33CuOs; (0) Bi2.,CaSrCuOj. Inset plot of maximum T, versus n the number of Cu layers ' 
CoKa radiaL^ ^ °' Bi..«Pho.35Cao..Sr,.4CuOe.<, obtained using 

Rgure 8 shows the XRD patterns for Pb-substitufed compound (a) n = 2 x = 0.2 and (b) n=3 x = 0 35 

Figure 9 shows the temperature dependence of the resisUvity for pb-substituted n = 2 material x = 02 
(upper plot) and x = 0.3 (lower plot). 

Figure 10 shows the zero resistance obtained as a function of anneal temperature for the n = 2 and 
n = 3 unsubstituted (open symbols. x = 0) and Pb-substituted samples (filled symbols). O n = 2 x«0 2 21% 
oxygen: D:n=2. x=0^ 2% oxygen: A.-n=2, x=0.2 0.2% oxygen: and 0:n=3. x=0.35. 21% oxygen ' ' 

Figure 11 shows the temperature dependence of resistivity for (a)n=2 and x = 0.2 reacted at 800* C 
TJT^,V"/' n ^ 500- C before quenching into liquid nitrogen. A typical curve for 

the unsubsttuted x=0 material is shown in the inset: (b) for n = 3 and x = 0.35 with typical behaviour for 
x » 0 snoYim in the Inset. 

Figure 12 shows the temperature dependence of the resistivity for BijiCaSrjCuaOs annealed in air at 
various temperatures shown in C. (a) 5% Y substitution and (b) no substitution. 

c h ./ifil 1/^^^^°'*^ ^ °* resistance as a function of air anneal temperature for 5% Y- 

substituted BtiCaSrzCuzOs (solid hexagons). 

For comparison, the T, values for unsubstituted n = 1 , n = 2 and n = 3 are also shown (open data points) 

p V ^^"^^ ^ °' temperature dependence of the resistivHy for the nominal composition 

Bi, sFDoasOao^YcSrsCuzOs annealed and quenched at 500"C, 700* C and 820* C showing no change in 

' c- 

Figure 15 shows a series of resistivity plots against temperature for n = 3 and n = 2 after annealinq in 
air and then quenching into liquid nitrogen. 
The annealing temperatures are indicated in * C. 

Figure 16 shows the (5 Tl] zone axis electron diffraction patterns for n = 1. n = 2 and n=3 indexed 
on a 5.4A X 5.4A x 2cA cell where c = 1 8.3 + e.3n A. 



Example 1 m=0) 

Samples of composition Bb..Sr04.d with e=0. 0.25. 0.5. 1.25 and 2 were prepared by solid-state 
reaction of B..O3 and SrCOa at 740 C in gold crucibtes for 15 hrs. All samples were quenched from tt!e 
furnace into liquid nitrogen and investigated by x-ray diffraction, electron diffraction and SEM electron-beam 
x-ray analysis to confirm compositions of crystallites. The e = 0 material was white-yellow of orthortiombic 
structure with lattice parameters a=4.26A. b=6.iaA and c=19.38A while the remaining solid-solution 
compositions were yellow with rhombohedral symmetry and lattice parameters varying smoothly with 
composition given by a = 9.852-0.09e A and a = 23.28 + 0.2e*. 

Figure 1 shows the electrical conductivity measured at 1592 Hz for the e = 0 material. This shows a 
rapid rise m conductivity above 700 C towards values typical of solid-state electrolytes. The rapid rise 
coincides with a broad endothermic DTA peak indicative of a diffuse fast-ion transition. Complex Impedance 
spectroscopy reveals three separate relaxation peaks; a broad low-frequency peak with effective capaci- 
tance in the microFarad range which Is attributable to inter-granular impedance: and two higher frequency 
peaks attnbutable to oxygen-ion relaxation. The conductivities associated with these two high frequency 
peaks are plotted as the open triangles in Fig. 1. Hgure 2 shows Cole-Cole plots at 644* C in oxygen then 
■n nitrogen, then in oxygen while Rg. 3 shows the same sequence at 736* C. in nitrogen a distinct Warburg- 
type impedance appears with the characteristic 45' slope. This arises from the diffusive depletion of 
oxygen ions at he surface when in an oxygen-free ambient and confimis the origin of the conductivity in 
oxygennon transport. A concentration cell was constrocted using a sintered pellet of e = 0 material over 
which a difference in oxygen partial pressure was maintained while the cell emf was measured If the 
transport coefficient is dominated by oxygen-ion mobility rather than electron transport then the emf V,, is 
given by the Nemst equation 

= (RT nF) tn(p„p2) 
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Here R is the gas constant. T is temperature in degrees Kelvin. F Is the Faraday constant and n ( = 4) is 
the number of moles of electron charge produced by one mole of Oz, p, and p2 are the partial pressures of 
oxygen on either side of the cell. Figure 4 shows Vi2/ln(pi/p2) plotted against T and the data follows the 
Ideal theoretical line with slope Fl/nF, thus confimning that the transport number is dominated by the 
5 oxygen-ion transport number. 



Example 2 (n = 0) 

Samples of composition BhSruz^QzOA^d for z = 0.1 and 2 = 0.2 were prepared at 770* C by reaction of 
the carbonates of Na and Sr with BisOa for 15 hrs. XRD showed that these were single phase exhibiting the 
same orthorhombic structure as the unsubstituted e =0 material. The conductivities associated with the two 
high frequency complex impedance relaxations are plotted as solid triangles and these show enhancements 
in conductivity above that for unsubstituted material of 10 times and 30 times respectively. 



Example 3 (n = 0) 

Samples of composition Bl2Srv2Ca204+d for 2 = 0.33 and z = 0.5 were prepared at 770* C by reaction of 
20 the carbonates of Ca and Sr with BijOa for 15 hrs. XRD showed that these were single phase materials 
exhibiting the same hexagonal structure as occurs in the unsubstituted e>0 solid-solubility range. Lattice c- 
parameters obtained were 19.14 A (2 = 0.33) and 19.06 (2 = 0.5). In addition, electron diffraction reveals the 
existence of a superstructure in the basal plane as evidenced by hexagonal satellites encircling each 
principal diffraction spot, for z = 0.33 the superstructure length is 2.78 times the a-parameter. Figure 5 
25 shows conductivity measured at 1592 Hz for z = 0.5 (solid symbols) and this is compared with the 
unsubstituted 2 = 0 conductivity (open symbols) and Y-stabilised 2irconia. Over much of the range the 
conductivity is enhanced by Ca-substitutlon by a factor of 100 times and is comparable to Y-2irconia. 



30 Example 4 (n = 0) 

Samples of composition Bia.x-yPbySrO^ with 0^x^0.2 and y = 0.2 and y = 0.4 were prepared by 
stoichiometric reaction of BiaOa. SrCOa and PbO at 770 'C and quenched into liquid nitrogen producing a 
bright yellow sintered material. 

35 The structure as prepared was predominantly orthorhombic with the same structure as the unsub- 
stituted material. When annealed and qenched from 500 ' C the rhombohedral structure of the unsubstituted 
solid-solution was adopted and the colour became brown/green. Additional phases were not evident 
indicating complete substitution at the y =0.4 level. Impedance spectroscopy showed that the mid-and high- 
frequency relaxation peaks overlapped, producing a single broadened relaxation peak. The conductivity 

40 associated with this peak measured during heating of the as prepared material increased with Pt>- 
substitution but on cooling the conductivity remained high. 



Example 5 (n = 1) 

45 

Samples corresponding to the starting composition BisSra-xCaxCuOe^d were prepared by reacting 
cart)onates of Sr and Ca with the oxides of Bi and Cu at temperatures between 780 and 830* C for periods 
of time ranging from 1 to 12 hrs. The n = 1 phase is promoted by short reaction times (1 to 2 hrs), 
temperatures near 800 *C and lower calcium content. We could not prepared the calcium-pure phase x = 2! 

50 but nearly single-phase material was obtained for s = 0, 0.67 and 1.0. The structure was pseudotetragonal 
with lattice parameters, respectively of a = 5.41 4 A and c = 24.459 A, a = 5.370 A and c = 24.501 A. and 
a = 5.370 A and c = 24.287 A. For s = 0.67 and s = 1.0 incommensurate superlattlce structures in the fa- 
direction were observed with dimension ranging from 4.3 to 5.3 times the a-parameter. 

Samples were anneald to equilibrium oxygen stoichiometry at various temperatures in air, then rapidly 

55 quenched from the furnace into liquid nitrogen. The DC electrical resistivity was measured with a four 
terminal technique and the zero-resistance Tc is plotted in Rgure 6 with squares and diamonds as a 
function of anneal temperature. Tc evidently passes through a maximum coaesponding to the optimum 
oxygen stoichiometry. 
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^, I ""^'^ "^^ ""'^ ^^^^ to a two-times c-axis superstructure 

Electron diffraction patterns interpreted as [5 5 1] zone-axis patterns may be uniquely indexed on a 5 4 A x 
5.4 A X 49 A unit cell. The same applies to all other n = 1.2 and3 electron diffraction patterns investigated 
suggesting a general unit cell of 5.4 A x 5.4 A x 2c A where c is approximately 18.3+6 3nA 



15 



20 



Example G (n = 1) 

Samples of nominal composition Bi, aPboaSr, sCao^CuOs.^, Bi, ePbo^SrCaCuOe-d. and 
Bii.9PbojsSr,.3Cao.7CijO«.d, were prepared by reacting stoichiometric proportions of BiaOa PWNOsh Sr- 
(N03)2. Ca(N03)2 and CuO. The n = 1 materials are favoured by short reaction times and as a consequence 
the nitrates are advantageous as they allow homogeneous and rapid mixing in the nitrate melt The 
precursor materials were milled, pressed into pellets and reacted at 800' C for 15 minutes, remitted 
pressed into pellets and sintered for 1 hr at the same temperature. The resultant materials were very nearly 
single phase n = l materials. The first of the compounds listed above was apparently tetragonal with 
parameters a =5.355 A and c= 24.471. but this material and even more predominantly the third material 
with x = 0.35 and y = 0.7 showed the presence of particles of composition Bi, 85Pbo35Sr,4Cao«Cu06»H By 
reacting precursors of this composition good phase-pure material was obtained as shown' in Rgure 7 
Impurity peaks are indicated by dots. This material is orthortiombic with parameters 3 = 5.313 A. b = 5.391 A 
and c- 24.481 A. and, moreover it is semiconducting. 



25 



30 



Example 7 (n = 2) 

Samples of nominal composition Bi2.,Sr2.,Ca, .^CusOg.^. with y = .0.5. -0.25. 0 and 0.5 were prepared 
using stoicniometric proportions of the carbonates of Sr and Ca and the oxides of Bi and Cu reacted at 
temperatures between 860 and 870* C for 8 to 15 hrs. The resulting material was ground, milled, pressed 
into pellets and sintered lor another 8 to 15 hrs at 860 to 870'C in air. This procedure produced very 
nearly singfe-phase material with a systematic variation in lattice parameters as shown in the table below 
confirming the intersubstitution of Sr and Ca. As lattice parameters are dependent upon oxygen stoichiome- 
try determined by annealing temperature and ambient oxygen partial pressure, all these XRD measure- 
ments were can-ied out on materials quenched into liquid nitrogen after annealing for up to 12 hrs at 400' C 
in air. 



35 



40 



45 



50 



55 



y 


a 


C 


-0.5 


5.415 


30.908 


-0.25 


5.410 


30.894 


0 


5.405 


30.839 


0.5 


5.402 


30.683 



The structure is centred psendotetragonal as described by Subramanian et al for the y=0 material in 
Science 239, 1015 (1988). Electron diffraction shows that a 4.75 Times incommensurate superstructure 
exists in the b-directin and as_indicated in example 5 there may be a two times superlattice in the c- 
dfrectfon as indicated by the [5 5 1] zone axis electron diffraction pattern. 

As discussed in example 5 the zero-resistance T^ was measured for samples annealed at various 
temperatures and oxygen partial pressures. The data for anneals in air is plotted in Figure 6 for the y = -0 5 
y = 0 and y = 0.5 samples by plusses. circles and squares respectively. Again T^ maximises at an optimum* 
oxygen stoichiometry for each composition. The solid circles are obtained for anneals of the y = 0 material 
tn 2% oxygen and the displacement of the curve confirms that the optimisation is associated with oxygen 
stoichiometry. We find that the lattice c-parameter varies with anneal temperature but for two different pairs 
of oxygen partial pressure and anneal temperature which give the same T^ the lattice parameters are also 
the same. 



Example 8 (n-2) 

Samples of composition Bi2.2.,PbKCaSr2Cu208.d with x = 0. 0.1. 0.2. 0.3, 0.4 and 0.5 were prepared by 
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soHd state reaction of BhO,. CaCO, SrCOa. CuO and PbO for 12 hours at temperatures between 850 and 
865 C. The samples were ground, pressed and sintered at the same temperature for a further 12 hours Ro 
8 shovvs the XRD trace for x = 0^ which confirms nearly single phase material. Minor impurity peaks are 
marked by dots. Pb substitution Is confirmed by observing a systematic variation in lattice parameters with 

X, as follows 
a = 5.405 - 0.048 X A 
and 

c = 30.830 - 0.094 X A 

Electron beam x-ray analysis of crystallites also confirmed the above compositions. Electron diffraction 
shows that the b-axis superstructure remains at about 4.75X for 0 2 x ^ 0.2. For 0.2 S x s 0.35 this 
superstructure contracts to 4.5X and a second b-axis superstructure appears with length 7.3X Substitution 
for x > 0.35 did not occur under the conditions of preparaHon. Samples were annealed at various 
temperatures at oxygen partial pressures of 2.1 x 10^ Pa (air). 2 dO^ Pa and 2 x 10^ Pa then quenched 
into liquid nitrogen. The DC resistivity of these samples was measured using a 4-term!nal method and AC 
susceptibility was also measured. Rgure 9a and 9b show the resistivity curves for anneals in air for x = 0 2 
and x = 0.3 respectively. Tc is seen to decrease with decreasing anneal temperature. Figure 10 shows the 
zero resistance versus annealing temperature for the three oxygen partial pressures for both x = 0 and 
•'"'iPo^^^^u? ^ ^^^^ ^'''''^^ ^ maximum for an optimum oxygen content. The maximum T^ obtained 
IS 93 K. This increase is not due to n = 3 material which has a different behaviour also shown in Figure 10 
20 The optimised Tc is maximised at 93 K for x = 0^ and falls 4 K for x = 0.3, 

The sharpness of the resistive transifions should be noted in Rgure 9 and compared with the typical 
best curve obtained for x = 0 shown in the inset in Figure lla which exhibits a typical resistive tail The 
resistivity curves shown in the main part of Rgure 11a are for a x = 0.2 sample prepared at the lower 
temperature of 800 C. The variation in T^ as a function of anneal temperature is similar to that shown in 
Rgure 9a but the normal state resistivity varies differently. Electron microprobe analysis indicated crystal- 
lites which were Pb-rich and deficient in Sr and Ca indicating substitution of Pb on the alkali-earth sites 
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Example 9 (n = 2) 

Samples of composition 8i2.iCai.xRxSr2Cu20e,d were prepared by solid state reaction of BisOa 
CaCOa. SrC03. CuO and RzOa where R is Y or one of the rare earth elements. Compositions with x = o' 
0.05, 0.1. 0.2. 0.4, 0.9 and 1.0 were reacted at temperatures ranging from 860 C to 900 ' C as the rare earth 
content was increased. Samples were investigated by x-ray diffraction, electron diffraction. IR spectroscopy 
thermal gravimetry. and the temperature dependence of resistivity and AC susceptibility, iri the following 
example we deal exclusively with the results for Y-substitution. 

The end member x=l was XRD phase pure and notably has the same structure as BiaiCaBrzCuaOg^a 
except that the symmetry is reduced from tetragonal to orthorhombic as shown by the splitting of the (200) 
XRD peak. For^Bi2.iYSr2Cu208.6, annealed in air at 400* C the lattice parameters are a = 5.430A, b = 5.473A 
and C-30.180A. Electron diffraction also reveals the presence of an 8X incommensurate super^ructure of 
43.5 A in the b-direction. 

Attempts to study the metal to insulator transition at intermediate substitutions (0<x<1) were prevented 
by the absence of a substitutional solubility range under the conditions of preparation. In this intermediate 
range samples were a mixed phase of te x-0 and x = 1 end-members except at compositions ctose to x = 0 
and x = 1 where dopmg appears to be possible. Interestingly. Y substitution for Ca at the 5% level in 
Bi2.iCaSr2Cu208*d appears to raise T^. Rgure 12a shows the temperature dependence of the resistivity for 
such a sample annealed and quenched at different temperatures in order to vary the oxygen stoichiometry 
d. This may be compared with the same data shown in Rgure 12b for the x = 0 unsubstituted n = 2 material' 
The substitution has both sharpened the resistive transition and raised the zero resistance T^. Othenyise the 
overall behaviour is similar and quite distinct from the n = 3 behaviour. 

The zero-resistance Tc is plotted in Rgure 13 as a function of anneal temperature (solid data points) 
and evidently Tc is maximised at >101 K. Rgure 13 also includes Tc data for unsubstituted n = 1 n=2 and 
n = 3 material for comparison. Like unsubstituted n = 2 the Y-substituted material appears to exhibit a 
maximum Tc for anneals in air above 820* C, However, above this temperature the effects of annealing and 
quenching are greatly modified by the proximity of a phase transition. In order to achieve maximum T^ 
anneals at an oxygen partial pressure less than that of air is required. The highest zero resistance T^ we 
have observed in this system is 102 K. The elevated Tc does not arise from the presence of n = 3 material 
for several reasons: 
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I) We are able to prepare single-phase n = 3 material by Pb-substrtution for Bi. Attempts to substitute 
Y in this material at the 5% level drives the reacted material completely to the n=2 phase together with the 
binary CasCuOa. We would therefore hardly expect Y substitution of the n = 2 material to promote n = 2 
material, ^ 

II) The annealing behaviour of Is similar to that for unsubstituted n = 2 material with maxima 
occurrtng at 820 C or higher. The maximum T^ forn = 3 occurs for anneals at -400' C and for anneals at 
820 C the n = 3 T^ Is as low as 80 K. 

Particle by particle analyses by SEM electron beam x-ray analysis indicates that Ca remains fixed at 
one per formula unit while Sr is slightly depleted. This suggests Y substitution on the Ca-site accompanied 
by Ca substitution on the Sr-site with the fomiula Bi2,{Cao.g5Yo.o5)(Sr,.95Cao.o5)Cu208, Starting compositions 
appropnately depleted in Sr indeed offered the best resistive transitions around 100 K with a minimal tail 

It may be that the substitutional solubility tends to occur only at grain boundaries as the sharp resistive 
transition to zero at 101 K is accompanied by only a small diamagnetic signal In the AC susceptibility 
commencing at -99 A sharp fall does not commence until -95 K at which point the diamagnetic signal is 
only about 5% of tts fully developed value. The yttrium should therefore be dispersed more uniformly 
throughout a sample by reaction of nitrates or by melt processing. 

This example and particularly the chemical fonmula deduced for the active phase responsible for raising 
Tc presented by way of example without loss of generality. Because of the smalt diamagnetic signal 
appearing at -100 K it may be that the active phase is of another composition and structure incorporatino 
Bi/CaY/SrCaO. ^ 



Example 10 (n-2) 

Predominantly single phase Bi,^Pbo^5Cao.gYo.,Sr2Cu208,6 was prepared by solid state reaction of a 
pressed disc of BisOa. PbO. CaCOg, SrCOg, Y2O, and CuO at 860' C for 12 hour^. By annealing in air at 
vanous temperatures then quenching into liquid nitrogen, the normal state resistivity is observed to change 
as shown in Rgure 14. However, the zero-resistance Tc does not change, remaining at just over 90 K for 
anneals at 500. 700 and 820. This is uncharacteristic of the parent n = 2 superconductor as shown in Figure 
12 which required anneals at an oxygen partial pressure less than that of air in order to optimise T, at just 
over 90 K. The combined Pb-and Y-substitution therefore simplifies the processing requirements for n = 2 
material. 



Example 11 (n = 3) 

A sample of nominal composition BiSrCaCuaO^ was prepared from the carbonates of Sr and Ca CuO 
and^bismuth oxycarbonate by reacting at 820 'C for 9 hrs. then for 10 hrs at 850* C then for 10 hrs at 
860 C followed by air-quenching from the furnace. The sample was then annealed in air at temperatures 
ranging between 400 C and 800 'C and quenched from the furnace into liquid nitrogen. Four terminal 
electrical DC resistivity and the AC susceptibility was measured for each anneal temperature. Figure 15 
shews the resistivity curves obtained for this sample after each anneal. The resistivity drop which occurs 
around 100 K ,s extrapolated to zero and the deduced zero resistance T^ is seen to be maximised at 105 K 
for anneals at about 400 C. The annealing behaviour is seen to be quite different from that of the n = 2 
material. 

This sample was pulverised, ground and investigated by XRD, SEM energy dispersive analysis of x- 
rays <EDX) and TEM electron diffraction. The EDX analyses indicated a high proportion (>70%) of particles 
with atomic ratios Bi:Sr:Ca:Cu of 2:2:2:3 though many of these particles showed Cu contents more like 2 8 
to 2.9 indicating the occurrence of n = 2 intergrowths in the n = 3 material. Uke th n = 2 material, crystals of 
n = 3 are platey and under TEM electron diffraction were found to exhibit a 5.4 A x 5.4 A subcell in the 
basal plane with the same 19/4 times incommensurate superlattice structure in the b-direction the 
diffraction pattern for the [5 5"1] zone axis shown in Rgure 16 can be indexed on a 5.4 A x 5.4 A x 74 A 
cell suggesting a sub-cell c-axis of 37 A with a superstructure which doubles the c-axis. XRD powder 
diffraction of this sample showed a broad basal reflection corresponding to a c-repeat of about 18 A. This 
leads to the natural conclusion that BizSrzCaaCuaOio is structurally related to Bi2Sr2CaiCu205 by the 
insertion of an extra pair of Ca-Cu02 sheets per unit sub-cell. 
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Example 12 (n = 3) 

Samples of composition BU^.^^b^CajSr^CuaCo., were prepared by reaction of the oxides of Bi and 
Cu and the nitrates of Pb, Ca and Sr in stoicfiiometric proportions for 36 hrs at 860 to 865 'C in air The 

S XRD pattern shown in Rgure 8b indicates nearly single phase pseudo-tetragoral material with lattice 
parameters a = 5.410 A and c = 37.125 A. Like the n=2 x = 0.2 material, electron diffraction indicates a 4.5 
times and a 7.3 times b-axis superlattice structure. The effect on resistivity curves of annealing in air at 
vanous temperatures is shown in Figure lib and the curve for the x = 0 material is shown in the inset The 
long resistive tail in the unsubstituted material is removed by Pb-substitution. The effect of annealing 

ro temperature in air on the zero resistance T, is shown in Rgure 10 by the diamond shaped points for 
X = 0.35 and x = 0. 

The foregoing describes the invention including preferred fornns and examples thereof. The preparation 
of derivative matenals and forms other than sintered ceramic form. i.e. thin films, thick films, single crystals 
filiaments and powders other than those specifically exemplrfied will be wrthin the scope of those skilled \n 
15 the art m view of the foregoing. The scope of the invention is defined in the following claims 



Claims 

20 1. A metal oxide material having the formula 

Where n^O and n is an integer or a non-integer. l^m^2, 0^5^0.4. 0^e^4. and 2n + (1.'2)iw<(5/2)n + 4 with 
the provisos that u is 2 for n^l , u is n + 1 for Oin<l 
and where 

25 R and A are each any of or any combination of Y. La, Ce, Pr, Nd. Sm. Eu. Gd, Dy Ho Er Tm Yb Lu Ca 
Sr. Ba. U. Na. K, Rb or Cs. ...... 

M is any of or any combination of Cu, Bi. Sb. Pb. Tl or any other transition metal. 

Cu is Cu or Cu partially substituted by any of or any combination of Bi, Sb. Pb, Tl or any other transition 
metal, 

0 is 0 or 0 partially substituted by any of N. P. S. Se of F. 

and wherein the structure of the material is characterised by distorted or undistorted substantially square 
planar sheets of CuOs when n>0 and distorted or undistorted substantially square sheets of R for n>1 
excluding where M is Bi, R is Ca and Sr. A is Sr and Ca and s and e are 0 and whoro n = 1. the material 
Bi2{Sri^Ca02CuO8^ with 0<xS0.3. and where n =2 the material BisCSri.xCaKhCuzO^o^ with 0.16^^0.33 
and excluding RBazCuaO?^!. and excluding, where R is as above excluding Ca, Sr. Ba, Li. Na. K. Rb or Cs 
the material having formula 
RBa2Cu*08^ 

2. A material according to claim 1 wherein m is 2 and R is Ca and having the formula 
Bia * e-xUCan * 1 ^^CUnOw 

where L is any of or any combination of Pb, Sb or Tl. and O^xiO.4. 

3. A material according to claim 2 where n^l and O^e^O.4 having the formula 

Biz - e-xUcCan r y.l ^Sr2.yAzCu„02n M + d 
and where 0<zSOA, -2^y^2, and -UdS1. 

4. A material according to claim 3 wherein n is 3 and having the formula 

Bi2 * e-xUCag * ywsSr2.yArCU3 Oi 0 * d 

6. A material according to claim 4, wherein L is Pb. and where 0<x^0.4 and -l^y, d<1 . 

6. A material according to claim 5, wherein A is Y and where CKz^.4. 

7. A material according to claim 5. wherein A Is Na and where 0<z50.4. 

8. A material according to claim 5. wherein z is 0. 

9. A material according to claim 8. wherein -0.55y^0.5, 

10. A material according to claim 9. wherein d is fixed in a range determined by annealing in air at 
between 300 C and 550 C or by annealing in an atmosphere at an oxygen pressure or partial pressure 
and temperature equivalent to annealing in air at between 300* C and 550* C. 

11. A material according to claim 10, wherein 0.2Se,s^.3. 0.3Sx$0.4 and -0.1iy^.1. 

12. A material according to claim 4, having the formula BiLflPbcasCazSrsCuaOio+d. 

13. A material according to claim 12. wherein d is fixed in a range determined by annealing in air at 
between 300 C and 550 C or by annealing In an atmosphere at an oxygen pressure or partial pressure 
and temperature equivalent to annealing in air at between 300* C and 550' C. 
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and 'is^oT'' "''"''''"^ ""'"^ '""'"^ ^•2-^^^-Sr,,Cu3ao.. and where 

between 300 C and 550 C or by annealing ,n an atmosphere at an oxygen pressure or partial pressure 
and temperature equivalent to annealing in air at between 300 * C and 550 ' C. Pressure 

16. A material according to claim 4, having the formula Big iCajSraCusOio d 
h.. ^Wn'"* Tll'^^^ "'"''^ ^ ^^9^ determined by annealing in air at 

LTZnf t ' " """"^'"^ " -y^en pressure or partiaf pressure 

and temperature equivalent to annealing in air at between 300 C and 550 ' C. 

18. A material according to claim 3 wherein n is 2 and having the formula 
8>2 - e-xLxCai *y-sSr2.yA^Cu208-.d 

where -l5dS1 

19. A material according to claim 18, wherein L is Pb. and where 0<x. 

20. A material according to claim 19, wherein A is Y and where 0<z50.4. 

21. A material according to claim 20, wherein 0<z^0.1. 

ts^f^ln^^^^^ ^H°o^:^J-?.'° "^^"^ ^ determined by annealing in air at 

between 700 C and 830 C or in 2% oxygen at between BOO'C and SOO'C or by annealL in m 

Lt:eT700 Va"nd7rr""" " ^^'^ "^""^ ^° ^-^'"9 in air at 

23. A material according to claim 19, wherein A is 1^ and where 0<zS0.4. 

24. A material according to claim 18. wherein A is Na, and where 0<zi0.4. and x is 0 

25. A material according to claim 18. wherein L Is Pb. and where 0<xS0.4 "2 is 0 and -0 5SyS0 5 

26. A material according to claim 18. wherein L is Pb. and where 0<x<0.4. z Is 0 0<e sS0 25 y'ls ^ 5 
and d IS fixed in a range determined by annealing the material in air between 600 'C and 800 ' C or bv 
anneaing .n an atmosphere at an oxygen pressure or partial pressure and temperature equivalent to 
annealing in air at between 700 C and 800 C. H^i^ioni lu 

27. A material according to claim 18. wherein L is Pb. and where 0<xS0.4. z is 0. OSe.sS0 25 y is 0 
and d IS feed in a range detemiined by annealing In air at between 700*0 and 830*0 or in 2% oi^gen ai 
beNveen 600 C and 800 C or by annealing in an atmosphere at an oxygen pressure or partial pressure 
and temperature equivalent to annealing in air at between 700 'C and 830* C. e 

28. A material according to claim 16. wherein L is Pb. and where 0£e.sS0.25 0ix£0 4 y is 0 5 z is 0 
and d IS fixed in a range determined by annealing in air at between 450* C and 700* C or by annealino in 

bet^S^s? clS'7r- C." '""''"''^'^ '° ^"""^""9 

n^«2ni;"'?f f^'^'"^ '° ^'^"^ 'o^^ls Bie.,,.Pbo,Ca,.Sr3CujO,., and where 

0Se,sS0.25 and d is fixed in a range determined by annealing in 2% oxygen at between 770* C and 830* C 
or m an atmosphere at an oxygen pressure or partial pressure and temperture equivalent to annealing in 
2% oxygen at between 770 C and 830 C. 

0.5<T<0.5.^?0<tsS'"' Bi.^eCa„^Sra.,Cu.Oe.<. where - 

31. A material according to claim 30. wtierein y Is -0.5. and d is fixed in a range determined by 
annealing ,n ^r at between 600 C and 800 C or by annealing In an atmosphere at an oxygen partial 
pressure and temperature equivalent to annealing in air at between 600 * C and 800 * C 
«n V "^tf '° r '5 0. d is fixed by annealing in air at between 700 and 

""^f^ ^ ^ ^ °' atmosphere at oxygen pressure or partial 

pressure and temperature equivalent to annealing In air at between 700 ' C and 830 ' C 

annSn^r^*^"!' -^f^""*"^ ^'"^ 30. Wherein y is 0.5. and d is fixed in a range detemiined by 
annealing the m«enal in air at between 450 C and 700* C or in an atmosphere other than air at an oxygen 
pressure or partial pressure and temperature equivalent to annealing in air at between 450" C and 700* C 

34. A matenal according to claim 3 wherein n is 1 and having the formula 
B'a - e-xL.(Cay.sSr2.yAzCu06 . d 

where OSyil and -lidSI 

35. A material according to claim 34. wherein L is Pb and where 0<xS0.4. 

36. A material according to claim 35. wherein A is Na and where 0<zS0.4. 

37. A material according to claim 34. wherein L Is Pb. and where 0<xi0 4 and z = 0 

^ 38. A material according to claim 34. wherein L is Pb. and where 0<xS0.4. 0Se,sS0.25, y is 0.7. and z is 

39. A material according to claim 34, wherein L is Pb. and where 0£e.sS0.25. OSxSO.4. y is 1 and z is 0. 



12 



EP 0 336 450 A2 



40. A material according to claim 34. wherein L is Pb. and where z is 0. 0Se.sS0.25, 0.3SxS0.4, and 

41. A material according to claim 34, having the formula Bin35PbfljsCao4Sri 4CUO6 ^ 

42. A material according to claim 34, having the formula Bia.^Cay.^rs.yCuOe.d and where 0<e.sSO 25 

5 43 A material according to claim 42. where y is 0.67, and d is fixed in a range determined by annealing 
m air at be^.een 400 C and 600 C or by annealing in an atmosphere at an oxygen pressure or partid 
pressure and temperature equivalent to annealing in air at between 400° C and 600* C 
■ ^ateriaUccording to claim 42, where y is 1 and d is fixed in a range determined by annealing in 

air at between 30 C and 500 C or by annealing an atmosphere at an oxygen pressure or partial pressure 

w and temperature equivalent to annealing in air at between 300 " C and 500 * C. 

45. A material according to claim 2. where n is 0 and having the formula 
BIz^e-KLxAi^AjOw 

where 0^0.4 and 052^1 but 2 can not be 0 when x Is 0. 

46. A material according to claim 46, wherein L is Pb and where x>0. 
15 47. A material according to claim 46. wherein 2 is 0. 

48. A material according to claim 47, wherein A Is Ca. Sr. or Ba or any combination thereof. 

49. A material according to claim 45 wherein x is 0. 

50. A material according to claim 49. wherein A Is Ca and A is Sr, Ba, Na or Y. or any combination 
thereof. 

20 51. A material according to claim 49. wherein A is Sr and A and Ba. Na or K. or any combination 

thereof, 

52. A material according to claim 49. wherein A is Ba and a' is K. 

Bi ^^^Ir^^^^'^^^l!''^'^^^^^^^^ Bi2.,Bao.5Ko.aO..,. BI,.eCao.sSrc^O.... Bi..,Bao,,Sro.50..,. 

Bii-9>ePbo.iSr04>d. and Bii^*ePbo.iBa04.d. with 0<eS4 and 3Sdil0. 
25 54. a material according to cl^m 1 wherein n^2. s = 0 and M is Cu or Cu substituted by any of or any 
combinatin of Bi. Sb. Pb, Tl or any other transition metal, and having the formula 

Rn.lA2Cu„,CUn0w 

55. A material according to claim 54 where A is Ba. 

56. A material according to claim 55 where m is 1 . 

57. A material according to claim 56 where n is 3. 4, 5,... 

58. A material having the formula 

Yn-l Baz CUn ^ 1 0,5/2)n ^ 3,2 ♦ d 

where -l^dil and n is 3,4.5,... 

59. A material according to claim 55 where m = 2. 

60. A material according to claim 59 where n Is 3. 4. 5,... 

61 . A material having the formula 

Yp,.t BazCUn + 20(5,2)n * 5/2 * d 

62. A material according to claim 60, having the formula 
RBa2Ca^2Cu„.20t5/2,„.5,2.<, 

wherein n is 3,4,5,.,. 

63. A material according to claim 62 where R is Y. 

64. A material according to claim 55 where m = 3/2 and n = 2. and having the formula 
RBazCug^Or^d 

where -0.5Sdi0.5. 

65. A material according to claim 64 where R is Y. 
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